An ion-channel sensor was demonstrated by immobilizing ETH 1001, an ionophore for ion-selective electrodes, on a gold electrode surface. The approach for preparing the sensor was to incorporate the ionophore into a mixed self-assembled monolayer of 10-mercaptodecanesulfonate and 11-hydroxy-1-undecanethiol formed on the surface. The voltammetric responses for the thus prepared sensor to the primary cation Ca 2+ were observed by using [Fe(CN)6] 3-/4-as an electroactive marker. The ionophore was stably immobilized on the electrode surface with the hydrophobic interaction between its alkyl chains and those of the alkanethiol. The introduction of a proper charge density to the electrode surface improved the sensor sensitivity with retaining the selective response to Ca 2+ against Mg 2+ with concentrations above 10 -4 M.
Introduction
Since the introduction of ion-channel sensors (ICSs) in 1987, 1 research efforts have been directed toward the use of this voltammetric technique for the detection of various ions and molecules. [2] [3] [4] [5] In the method, receptors possessing thiol moieties have been used and immobilized on gold electrode surfaces via strong S-Au covalent bonds. The mechanism of ICSs is based on charged-analyte-gated permeability changes for electroactive ions (often called markers) across self-assembled monolayers (SAMs) of receptors formed on the electrode surfaces. Binding of analytes to the receptors facilitates or suppresses marker access to the surface and subsequent electron transfer between the electrodes and the markers, as a result of electrostatic attraction or repulsion between the analyte-receptor complexes and the markers, respectively.
ICSs have advantages in detecting highly hydrophilic and multiply charged ions, for example, phosphate, 6, 7 protamine, 8 heparin, 9 oligonucleotides, [10] [11] [12] [13] [14] and other biomolecules. [15] [16] [17] We found that ICSs do not require complete dehydration of the analyte ions from the aqueous phase as reported in previous research, 6 which allows the detection of hydrophilic ions more easily. We also found that a larger change in the surface charge upon binding of analytes to receptors generally results in a higher sensitivity in the ICSs. For example, for the detection of oligonucleotides, we used gold electrodes modified with mixed SAMs of peptide nucleic acid (PNA) probes and protonated 8-amino-1-octanethiol based on a positively charged marker
3+ . 11, 12 PNA is an analogue of DNA, but its backbone is electrically neutral, unlike that of DNA. Without analyte oligonucleotides bound to the probes, the redox reaction of the marker was hindered due to the positive charge at the electrode surface. Binding of the multiply charged complementary oligonucleotide to the PNA probe monolayer neutralizes the positive charge on the surface, and provides an excess negative charge, thereby facilitating the access of the marker to the electrode surface and its redox reaction.
In this paper, we demonstrate a trial to apply a commercially available ion-selective electrode (ISE) ionophore ETH 1001 to an ICS. ISE ionophores were originally designed for retention in liquid organic membranes, rather than for immobilization on electrode surfaces. [18] [19] [20] [21] To prepare the sensor, a gold electrode was modified with a SAM of alkanethiols and dipped in ionophore solutions to form a layer of ETH 1001. The hydrophobic interaction between alkyl chains of the thiols and those of ETH 1001 (see Fig. 1A ) was used to immobilize the ionophore on the electrode surface. A negatively charged thiol 10-mercaptodecanesulfonate was used as one of the components of the SAM and a negatively charged complex [Fe(CN)6] 3-/4-was used as a marker. Upon binding of Ca 2+ to the ETH 1001 layer, the surface charge of the electrode changed from negative to positive, and hitherto repulsed [Fe(CN)6] 3-/4-became attracted to the surface, resulting in an increase in the observed redox currents. In Fig. 1B , the working principle of the sensors is described. The sensor was capable of measuring the primary cation Ca 2+ selectively against Mg 2+ with concentrations above 10 -4 M. Dojindo Laboratory (Kumamoto, Japan). 10-Mercaptodecanesulfonate sodium salt was synthesized according to previous descriptions. 22, 23 All reagents were of the highest grade commercially available and were used without further purification. Deionized and charcoal-treated water (specific resistance > 18.2 MΩ cm), obtained with a Milli-Q reagentgrade water system (Millipore, Bedford, MA, USA), was used for preparing all of the aqueous solutions. Electrochemical experiments were performed using a CV-50W electrochemical analyzer (Bioanalytical Systems (BAS), West Lafayette, IN, USA) carried out at room temperature with a three-electrode configuration consisting of a Ag/AgCl reference electrode, a platinum auxiliary electrode, and the prepared sensor as a working electrode. All potentials were measured versus the Ag/AgCl reference electrode.
Preparation of electrodes
Gold disk electrodes (2 mm 2 area, BAS) were used for all of the experiments. The electrode was polished with wet 0.3 and 0.05 μm alumina suspensions (Micropolish ® II deagglomerated alumina; Buehler, Lake Bluff, IL) on a felt pad for at least 10 min, rinsed repeatedly with water, and finally cleaned in a sonicator. The polished electrode was then dipped in a 0.5 M KOH aqueous solution deoxygenated by purging with argon gas for at least 15 min; the potential was cycled between -400 and -1200 mV until cyclic voltammograms showed no further changes, indicating that the electrode surface was perfectly clean. To check the purity of the electrode surface, the electrode was scanned over the potential range of 0 to +1600 mV in a 1 M H2SO4 aqueous solution until a constant voltammogram (typical of clean polycrystalline gold) 24 was obtained. The electrochemically polished electrode was soaked in a DMSO solution containing 10-mercaptodecanesulfonate and 11-hydroxy-1-undecanethiol (1:0, 1:1, 1:3, or 1:9) at room temperature for 2.5 h for surface modification. The total concentration of these two thiols was kept constant at 10 mM. The short-time self-assembly of 2.5 h was expected to decrease the alkanethiol concentration on the electrodes and to reduce the steric hindrance of the thiol SAMs to the marker reaction on the electrode surfaces. After washing with DMSO and ethanol, the electrode was soaked overnight in a 10 mM ethanolic solution of ETH 1001, then washed with ethanol and water. All of the electrodes were stored in water at 4˚C until use.
Electrochemical measurements
Cyclic voltammetry (scan rate of 100 mV s -1 ) and square wave voltammetry (step potential of 5 mV, square wave frequency of 20 Hz, and square wave amplitude of 50 mV) were performed as electrochemical measurements.
Electrolyte solutions of 0.1 M Tris-HNO3 (adjusted to pH 7.4 by HNO3) containing 0.50 mM K3[Fe(CN)6] and 0.50 mM K4[Fe(CN)6] or containing 1.0 mM [Ru(NH3)6]Cl3 as the electroactive marker were used. The solutions were deoxygenated by purging with argon gas for at least 15 min prior to the measurements. The analyte concentrations in the solutions were changed by adding aliquots of concentrated analyte solutions. For a study of the sensor responses, the obtained voltammograms were evaluated in terms of the currents at the peak potential (Ep˚) in the voltammograms measured in 1.0 × 10 -2 M solutions of the analytes. The dependence of the currents at Ep˚ in the voltammograms on the Ca 2+ concentration is shown in Fig. 2A-2 , where the value of Epi s defined as the peak potential in the voltammogram measured in a buffer solution containing 1.0 × 10 -2 M of Ca 2+ . These results indicate that the redox reaction of the marker on the electrode surface is almost completely suppressed within this concentration range. The positive shift of the value of Ep˚ from 0.225 V (for a bare gold electrode, data not shown) to 0.325 V also indicates the suppression of the marker reaction on the electrode surface. In general, the presence of long alkyl chains on the electrode surface and the electrostatic repulsion between the marker and the electrode surface account for the hindrance of the marker reaction. In Fig. 2A-2 3-/4-is attributed to the electrostatic repulsion caused by the negatively charged electrode surface, rather than the steric hindrance caused by the long alkyl chains on the surface. This suggests that the density of 10-mercaptodecanesulfonate in the SAM was excessively high, so that the surface negative charge was not completely cancelled by the binding of Ca 2+ to ETH 1001. In order to decrease this surface charge, we used mixed SAMs of 10-mercaptodecanesulfonate and 11-hydroxy-1-undecanethiol. 11-Hydroxy-1-undecanethiol was expected to function to dilute the surface concentration of 10-mercaptodecanesulfonate. Because the chain length of 11-hydroxy-1-undecanethiol is nearly equal to that of 10-mercaptodecanesulfonate (19 Å and 19.5 Å for the former thiol and the latter one, respectively, estimated from CPK models) 25 and ETH 1001 is electrically neutral, it was thought that the use of 11-hydroxy-1-undecanethiol would have no influence on incorporation of ETH 1001 into the mixed SAMs. The dependence of square wave voltammograms on the Ca is prevented from accessing the electrode surface due to chargecharge repulsion between the marker and the negatively charged electrode surface. When Ca 2+ binds to the ionophore, the negative charge at the surface is decreased, and at higher Ca 2+ concentrations, the electrode surface becomes even positively charged. The marker can easily access the surface and its redox reaction is thereby facilitated.
Results and Discussion
concentration for electrodes modified with mixed monolayers of 10-mercaptodecanesulfonate and 11-hydroxy-1-undecanethiol are shown in Figs. 2B-1 and 2C-1, where the molar ratio of these two thiols in solutions for the self-assembly were 1:1 and 1:3, respectively. In these two figures, with increasing the Ca 2+ concentration, the values of the peak potential in the voltammograms shifted negatively and the voltammograms became more reversible. This is because binding of Ca 2+ to ETH 1001 monolayer decreased the negative charge on the electrode surface and allowed the marker to access the surface more easily.
Decreasing the surface density of 10-mercaptodecanesulfonate also produced more reversible voltammograms. The observed increase in the reversibility of voltammograms was attributed to the decrease in the surface negative charge caused by Ca 2+ binding to the surface-confined ETH 1001 and by decreasing the surface density of the negatively charged thiol. In Fig. 2B-2 , the change in current is observed from ca. 10 -3 M of Ca 2+ , whereas in Fig. 2C-2 , the change is observed from ca. 10 -4 M of Ca 2+ . The responses were observed at lower Ca 2+ concentrations. ETH 1001 is stably immobilized on the gold surfaces by hydrophobic intermolecular van der Waals forces between its alkyl chains and those of the alkanethiols composing the SAMs. The sensors prepared in this study were stable without any major observable changes in the performance as long as they were stored in a 0.1 M Tris-HNO3 buffer solution; they could be used for measurements of over 390 voltammograms.
Moreover, a case with a lower molar ratio of 10-mercaptodecanesulfonate to 11-hydroxy-1-undecanethiol was investigated, resulting in reduction of the current dependence on the Ca 2+ concentration (Fig. 2D) . The voltammograms became more reversible, because the effect of the surface negative charge became smaller due to the decrease in the surface concentration of 10-mercaptodecanesulfonate. The introduction of a proper charge density to the electrode surface is necessary to enhance the dependence of the observed current on the Ca 2+ concentration.
As described above, the sensor prepared from the solution containing the charged thiol and the electrically neutral thiol with a molar ratio of 1:3 showed the best sensitivity to Ca 2+ among the sensors examined. To investigate the selectivity of this sensor, the sensor responses to Ca 2+ and Mg 2+ were compared (Fig. 3, main) . The plotted values are the average of the observed values. The relative standard deviation at 5.0 × 10 -5 M of Mg 2+ was 16.8% (n = 3), a typical value in this experiment. The selective response to Ca 2+ was observed from ca. 10 -4 M, while a smaller response to Mg 2+ was also noted from ca. 10 -3 M. Na + and K + were not detected within this concentration range. In a previous study on oligonucleotide sensors, it was demonstrated that oligonucleotides bound nonselectively to the protonated amine group of the SAM at the electrode surface regardless of their sequences. 11 In the present system studied here, it is possible that Ca 2+ and Mg 2+ bind non-1583 ANALYTICAL SCIENCES DECEMBER 2006, VOL. 22 selectively to the sensor surface due to the sulfonate moiety of the negatively charged thiol. In order to examine the possibility of the effect of the sulfonate moiety on the sensor responses, therefore, an electrode modified with ETH 1001 and a SAM of 11-hydroxy-1-undecanethiol, without 10-mercaptodecanesulfonate, was also studied. [Ru(NH3) 6] 3+ was used as a marker and the sensor response was evaluated by square wave voltammetry (Fig. 3, inset) , where the ratios between the peak current at Ep˚ (ip˚) and the current decrease (ip˚ -i) were plotted to normalize the signal intensity. The response to Ca 2+ was shown at concentrations higher than 10 -3 M, while that to Mg 2+ at concentrations above 10 -2 M. The figure shows that, without the negatively charged thiol, the selectivity of Ca 2+ against Mg 2+ was apparently increased, although the effect was small. This shows that the sulfonate moiety of the charged thiol might be responsible for the non-selective adhesion of the ions to the SAM. That is, while the use of the charged thiol is effective for the sensor sensitivity, the thiol also affects the sensor selectivity: A trade-off exists between the sensitivity and the selectivity. Therefore, to balance the selectivity with the sensitivity, optimization of the surface density of the charged thiol is important. In terms of not only improving the sensitivity but also retaining the selectivity to Ca 2+ , the sensor prepared in this study is thought to be one of the optimum results.
Conclusions
We observed that ETH 1001 was stably immobilized on gold electrode surfaces modified with SAMs of 10-mercaptodecanesulfonate and 11-hydroxy-1-undecanethiol via hydrophobic intermolecular van der Waals forces between the alkyl chains of ETH 1001 and those of the alkanethiols. By optimizing the density of the charged thiol on the electrode surfaces based on the mixed SAMs, the sensor response to Ca 2+ was enhanced and a higher sensitivity was yielded. Although introduction of the charged thiol to the electrode surface improved the sensor response to Mg 2+ as well as that to Ca 2+ , the selective detection of Ca 2+ against Mg 2+ was demonstrated. As expected in Experimental, the short-time self-assembly for forming alkanethiol SAMs contributed to the reduction of the steric hindrance to the marker reaction, where stable immobilization of the ionophore molecules on the electrode surfaces was also realized.
